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The authors investigate the circular polarization of the electro- and photoluminescence emissions
from the quantum well and contact layers of a nonmagnetic GaAs–AlAs p-i-n resonant tunneling
diode under an external magnetic field. The contact emission evidences the formation of a spin
polarized two-dimensional electron gas at the n-accumulation layer. The quantum well
electroluminescence presents a strong − degree of polarization, even for null Zeeman splitting
energies, and a slight bias dependence. The observed circular polarization is mainly attributed to the
spin polarization of the electrons injected into the quantum well from the two-dimensional electron
gas. © 2007 American Institute of Physics. DOI: 10.1063/1.2472522
The exploitation of the spin degree of freedom in addi-
tion to the charge of carriers is a major aspiration for semi-
conductor device development. Some key points for this
technology are the generation, coherent transport, and ma-
nipulation of spin-selected carriers. The first goal can be
achieved by injecting spin polarized carriers using a ferro-
magnetic metal1–3 or a semimagnetic semiconductor.4–9 Re-
cently, the possibility of using resonant tunneling diodes
RTDs for spin filtering has been demonstrated based on the
Zeeman splitting of levels involved in tunneling.10–12 In this
letter we investigate the circular polarization of the optical
emission from the GaAs quantum well QW and contact
layers of a nonmagnetic p-i-n GaAs/AlAs RTD structure.
Our structure was grown by molecular beam epitaxy and
consists of 0.1 m n-GaAs 21018 cm−3, 805 Å n-GaAs
21017 cm−3, 508 Å n-GaAs 21016 cm−3, 204 Å un-
doped GaAs spacer, 59 Å AlAs barrier, 90 Å GaAs QW,
59 Å AlAs barrier, 296 Å GaAs spacer, 398 Å p-GaAs
51017 cm−3, 805 Å p-GaAs 11018 cm−3, and 0.2 m
p-GaAs 21018 cm−3. The p-doped contact is adjacent to
the 001 GaAs substrate. Circular mesas 400 m diameter
were processed with annular AuGe contacts to allow optical
measurements. Electroluminescence EL and photolumines-
cence PL measurements were performed at 2 K using a Si
charge coupled device system in fields up to 15 T parallel to
the tunnel current. An Ar laser 1.8 W/cm2 was used for
optical excitation, and + and − circularly polarized emis-
sions were selected with appropriate optics.
The flatband condition is reached when the p-i-n diode
is forward biased with 1.5 V. Figure 1a shows a sche-
matic band diagram of our structure for no applied bias
dotted line and under forward bias larger than 1.5 V con-
tinuous line. For the latter condition, a current flows through
the structure, generating EL emission. The IV characteristics
forward bias at 15 T is presented in Fig. 2a. The peaks at
1.586 and 1.635 V are attributed, respectively, to the first
light-hole LH1 and electron E1 resonances.13 The identi-
fication becomes less straightforward for voltages larger than
1.640 V, where the current comprises various unresolved
features attributed to resonances of electrons and holes in-
volving phonon-assisted processes and higher Landau levels.
A typical EL spectrum at 15 T shown in Fig. 1b pre-
sents three emission bands. The higher one
1.563–1.566 eV is attributed to the fundamental GaAs
QW transition, whereas the other two originate from the
GaAs contact layers. Considering the diamagnetic shift, the
energy of the intermediate band 1.522 eV corresponds to
shallow donors, and the broad emission 1.49–1.51 eV to
shallow-acceptor GaAs transitions. The donor-related emis-
sion must originate mainly from the n-GaAs layer, while the
acceptor-related emission should come mostly from the
p-GaAs contact. This simple association is corroborated by
our results, even though the high magnetic field also enables
the recombination between free and localized carriers from
the two-dimensional 2D gases formed at the accumulation
layers, as discussed later.
The intensity of the EL bands present distinct depen-
dences with applied bias Fig. 2a, reflecting the resonant
conditions for electrons and holes. The intensity of the GaAs
acceptor band has a large maximum around the E1 resonance
when the injection of electrons from the n to the p contact is
maximized. We thus nominate this band as p-GaAs, but weaElectronic mail: brasil@ifi.unicamp.br
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remark that its intensity is correlated to the injection of elec-
trons through the RTD structure. On the other hand, the
GaAs donor band shows no correlation with the E1 reso-
nance, but it does present a clear maximum around the LH1
resonance, when the hole injection from the p to the n con-
tact is enhanced. This band, labeled n-GaAs, thus represents
the hole injection through the RTD structure. For bias larger
than 1.64 V, the EL intensities from both bulk GaAs emis-
sion bands increase, indicating a mixture of resonant condi-
tions for both carriers.
Figure 1c shows the EL n-GaAs emission for various
biases at 15 T. At large bias, the emission comprises two
distinct bands that cannot be resolved for low voltages. The
higher energy band remains at a constant energy and is prob-
ably associated with three-dimensional 3D-like excitons
bound to shallow donors at the n-GaAs layer. The low en-
ergy band presents a redshift with increasing bias, which is
compatible with a transition involving tunneled holes and
localized electrons at the 2D electron gas: h-2DEG. Even
though the electric field at the interface must separate those
carriers quickly, it has been observed that the application of a
magnetic field strongly increases the probability of a free-2D
gas recombination in heterojunction structures.14 In our
structure, the evolution of the relative intensities from the
h-2DEG and the 3D emissions is a rather complex issue
since it should depend on various factors that change with
the applied bias such as the 2D wave-function extension, the
exciton dissociation rate at the GaAs/AlAs interface, and the
2DEG filling factor.
The spectra in Fig. 1c clearly show that the h-2DEG
emission is strongly − polarized, while the polarization de-
gree of the 3D emission band is markedly smaller, which is
consistent with the strongly enhanced electron g factor for
2D electron gases in GaAs heterojunctions as compared to
bulk GaAs.14 It is not possible, however, to accurately sepa-
rate these two contributions, since the line functions of these
bands are not well known. Therefore, we only present the
polarization degree of the whole n-GaAs emission band, in-
cluding both contributions Fig. 2b. The polarization de-
gree varies from 30% at low bias to 60% at larger bias.
At low bias, the 2DEG triangular potential should be rather
shallow and the 2D character of the 2DEG should not be
well defined, so that the 2D and 3D emissions cannot be
separated. Therefore, the n-GaAs emission may include a
considerable 3D contribution that may explain its relatively
small polarization degree. For bias larger than 1.65 V, the
n-GaAs emission seems to be dominated by the h-2DEG
recombination and its strong − polarization must reflect the
2DEG spin polarization. For even larger bias voltages
FIG. 1. a Schematic band diagram with no applied bias dotted line and
under forward bias continuous line; b and c + and − EL spectra at
different bias voltages under 15 T.
FIG. 2. Bias voltage dependence of a current IV and integrated EL
intensity of the n-GaAs and p-GaAs emission bands; b polarization degree
of the emission bands from the GaAs contact layers and quantum well
without EL and with PL laser excitation; c peak energies from + and
− QW emission bands; d ratio between the integrated EL intensities from
n-GaAs and p-GaAs emission bands.
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V1.72 V, we observe a small decrease of the n-GaAs
polarization that can be attributed to the recovering of the
unpolarized 3D emission band see Fig. 1c. Under laser
excitation, the n-GaAs emission strongly increases and be-
comes dominated by the 3D-like recombination of photoge-
nerated holes created directly at the top n-GaAs layer far
from the 2DEG. In this case, the polarization goes to zero
Fig. 2b, in agreement with our discussion.
The p-GaAs emission is a rather broad band that must
include various acceptor-related emission lines. No particular
emission can be attributed to the recombination between tun-
neled electrons and the 2D hole gas 2DHG. This absence
may be related to the smaller density of the 2DHG as com-
pared to the 2DEG, given the weaker hole thermal activation
from acceptors as compared to donors and to the larger num-
ber of RTD hole channels. The polarization of the p-GaAs
emission band is roughly zero Fig. 2b, indicating that
tunneled electrons through the second AlAs barrier do not
retain a significant polarization.
Figure 2c presents the peak energies from the + and
− QW emission bands. Note the overall redshift for increas-
ing biases due to the Stark effect and the abrupt shifts
of 1 meV at voltages marked by vertical dashed lines. The
shifts are attributed to the formation of trions13,15 and coin-
cide with the voltages where the ratio between the EL inten-
sities from n- and p-GaAs emission bands labeled n / p ratio
in Fig. 2d crosses two specific values, 0.9 and 0.1,
marked by horizontal dashed lines. Based on our previous
discussion, large small n / p ratios indicate an excess of in-
jected holes electrons. We thus attribute the EL emission
for n / p ratios larger smaller than 0.9 0.1 to the positive
negative trion X+ X−, while for intermediate ratios be-
tween 0.1 and 0.9 the emission is attributed to neutral exci-
tons, X0. The ratios where X0 dominates are not centered on
1, which can be attributed to distinct escape rates of carriers
from the QW and/or to different radiative recombination ef-
ficiencies at the contact layers.
The QW emission also presents a − polarization degree
with values up to 65% Fig. 2b and shows a clear corre-
lation with its origin: the polarization becomes stronger
when the emission is associated with X− and X+ trions, com-
pared to voltages where the emission is attributed to X0. This
effect can be related to the larger Zeeman splitting observed
for trions 1 meV as compared to X0 0 meV.
16,17 Even
without an equilibrium distribution, the larger g factor may
contribute to an increased degree of polarization of the QW
emission. On the other hand, the QW emission presents a
non-null polarization for voltages where the Zeeman splitting
is essentially zero. This result can only be explained by a
preferred spin polarization of the tunneling carriers and is
probably associated with the strong polarization of the
2DEG.
We remark that for low V1.61 V and high
V1.72 V bias limits, the polarization degree from the
QW emission is actually larger than that of the n-GaAs emis-
sion, that should represent the source of the observed polar-
ization Fig. 2b. There are two possible interpretations for
this observation. The first is that the effective polarization of
the n-GaAs includes a significant unpolarized 3D-like con-
tribution, as discussed before. The second is a spin-filtering
effect associated with the resonant tunneling, as argued on
previous works.10–12
In conclusion, we observed that the EL emission from a
p-i-n RTD structure presents a relatively large − polariza-
tion degree which is mainly attributed to the polarization of
the 2DEG formed at the n-GaAs contact. When the bias is
varied, the relative densities of electrons and holes into the
QW change and distinct excitonic complexes dominate the
QW emission, which seems to affect the QW polarization.
Our results imply that the double-barrier structure creates a
2DEG with an enhanced g factor that acts as a strongly spin
polarized source of tunneling carriers and can be compared
to a semimagnetic contact layer used for this purpose in
similar structures.
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